[1] The Arctic climate is modulated, in part, by the presence of aerosols that affect the horizontal and vertical distribution of radiant energy passing through the atmosphere. Aerosols affect the surface-atmosphere radiation balance directly through interactions with solar and terrestrial radiation and indirectly through interactions with cloud particles. During summer 2004 forest fires destroyed vast areas of boreal forest in Alaska and western Canada, releasing smoke into the atmosphere. Smoke aerosol passing over instrumented field sites near Barrow, Alaska, was monitored to determine its physical and optical properties and its impact on the surface radiation budget. Empirical determinations of the direct aerosol radiative forcing (DARF) by the smoke were used to corroborate simulations made using the Moderate Resolution Transmittance radiative transfer model, MODTRAN TM 5. DARF is defined as the change in net shortwave irradiance per unit of aerosol optical depth (AOD). DARF, varying with solar angle and surface type, was evaluated at the surface, at the top of the atmosphere (TOA), and within the intervening layers of the atmosphere. The TOA results are compared with fluxes derived from coincident satellite retrievals made using the Clouds and the Earth's Radiant Energy System (CERES) radiance data. Smoke tends to reduce the net shortwave irradiance at the surface while increasing it within layers in which it resides. Over the Arctic tundra during summer, a layer of smoke having AOD = 0.5 at 500 nm produces a diurnally averaged DARF of about À40 W m À2 at the surface and À20 W m À2 at TOA, while the layer itself tends to warm at a rate of %1 K d À1 . The tendency of smoke to cool the surface while heating the layer above may lead to increased atmospheric stability and suppress cloud formation. Radiative forcing at the top of the atmosphere is especially sensitive to small changes in surface albedo, evidenced in both the model results and satellite retrievals. TOA net shortwave flux decreases when smoke is present over dark surfaces and tends to increase if the underlying surface is bright. For example, at solar noon during midsummer at Barrow, a layer of smoke having AOD(500) = 0.5 will reduce the net shortwave flux at TOA by %30 W m À2 over the ocean while at the same time increasing it by 20 W m À2 over an adjacent area of melting sea ice. For smoke aerosol, the sensitivity of DARF to changing surface albedo (assuming a solar zenith angle of 50°) is about +15 W m À2 AOD À1 for every increase in surface albedo of 0.10. Throughout the Arctic summer, surface and TOA cooling and a tendency toward warming in the intervening atmospheric layers are the dominant radiative impacts of boreal smoke over the ocean and tundra areas, but the radiative forcing at TOA is positive over regions covered by ice or snow. Enhanced differential cooling/heating of ocean, ice, and snow due to the presence of smoke in the atmosphere may affect regional circulation patterns by perturbing diabatic processes. Should the frequency and intensity of boreal fires increase in the future because of global warming, the more persistent presence of smoke in the atmosphere may be manifest as a negative feedback at the surface. In addition, there will JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, D14S16,
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Introduction
[2] The Arctic atmosphere was once thought to be pristine. Beginning in the 1950s, however, military personnel flying reconnaissance missions over the Arctic Ocean reported seeing layers of pollutants [Mitchell, 1957] . The phenomenon was thereafter referred to as Arctic haze. The haze is composed of soot, dust, and sulphates which were emitted in large part by industrial complexes located in Eurasia and transported into the Arctic during winter and spring [Shaw, 1995, and references therein] . The presence of this haze is known to perturb the Arctic surface-atmosphere radiation balance [e.g., Blanchet, 1989; Shaw and Stamnes, 1980; Iziomon et al., 2006] . The climate impacts of aerosols depend on the frequency, concentration and spatial extent of their distribution, as well as their chemical, physical and optical properties. The timing and location of an incursion is critical because solar geometry and variations in surface albedo influence the magnitude and the sign of the forcing. In addition, aerosols interact with cloud particles to affect their microphysical and radiative properties [Twomey, 1977; Kaufman and Fraser, 1997] , which further modulates the radiation budget of the region.
[3] Smoke from fires that burn during the snow free periods in northern boreal zones is dispersed widely and may persist in the Arctic atmosphere for several weeks . Smoke from biomass burning sometimes mixes with industrial emissions, modifying its optical characteristics [Treffeisen et al., 2007] . Boreal smoke contains high concentrations of ozone and carbon monoxide that may degrade air quality several thousand kilometers downwind [Jaffe et al., 2004] . It also contains large concentrations of greenhouse gases, CO 2 and CH 4 , trace gases and nitrogen oxides that are precursors of tropospheric ozone and nitric acid, a component of acid rain [Spichtinger et al., 2004] . As with aerosols in general, the highly variable composition and distribution of smoke from biomass burning makes evaluation of its environmental effects very difficult.
[4] As global temperatures rise, boreal forests will be more susceptible to burning. The Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Intergovernmental Panel on Climate Change (IPCC), 2007] states ''there is high confidence that the resilience of many ecosystems will be exceeded in the 21st century due to an unprecedented combination of climate change and associated disturbances.'' Among these, droughts, wildfires and insect infestations will take a toll on the boreal forests, which currently cover about 17% of the Earth's land surface [IPCC, 1996] . An increase in forest fire frequency [IPCC, 2007] could potentially release huge quantities of absorbing carbon into the atmosphere to enhance greenhouse warming. The snow free season is expected to be longer, warmer and drier; conditions that are conducive to more frequent and intense wildfires. Thus, in the near term it is likely that more smoke will be released into the atmosphere and will persist for longer periods. Recent assessments indicate that boreal forests are already showing responses to climate change [Soja et al., 2006] , evidenced by more frequent, extreme fire seasons in Siberia, Canada and Alaska since the 1990s.
[5] As with other types of tropospheric aerosols, smoke tends to radiatively cool the surface. Robock [1991] estimates the cooling effect of smoke at high latitudes to be as much as a ''a few degrees over seasonal time scales.'' Better quantification of the radiative forcing by all types of aerosols is needed to improve climate predictions [IPCC, 2007] . At high latitudes, in particular, radiative forcing by smoke must be evaluated for different surface types that undergo dramatic changes over the annual solar cycle. Northern wildfires generally occur after snowmelts in spring with the season extending through October each year. Because of differences in surface albedo, smoke over tundra, snow, sea ice or ocean differentially impacts the radiation budget, which in turn can modulate the albedo of that surface. Even a 2 -3% decrease in albedo can increase the daily average surface net shortwave irradiance by 6 -9 W m À2 during summer in the vicinity of Barrow, Alaska. The additional solar absorption by the surface tends to warm the air above it through sensible heat exchanges [Stone et al., 2002] , fueling a process referred to as the temperaturealbedo feedback. Decreases in surface albedo resulting from the retreat of sea ice and diminished snow cover are expected to amplify surface warming at polar latitudes [Holland and Bitz, 2003] . Additionally, deposition of black carbon from smoke can reduce albedo [e.g., Stohl et al., 2006] , resulting in greater solar absorption at the surface. The latter effect competes with surface cooling by smoke aerosols primarily over areas that remain covered by snow or ice during the fire season and persists as long as the contaminated surface is exposed to sunlight. Upon melting, the contaminated snow will again enhance absorption and thus hasten the melt. Because of these subtle complications, diverse boundary conditions and dramatic solar cycle that characterizes the Arctic, determination of how smoke modulates the surface-atmosphere radiation budget has been elusive.
[6] In early July 2004 smoke from wildfires burning in eastern Alaska and western Canada was observed at the NOAA Earth System Research Laboratory (ESRL) and Department of Energy (DOE) facilities near Barrow, Alaska. This event provided a rare opportunity to evaluate the potential climate impacts of boreal smoke. Analysis of assimilated data permitted characterization of the aerosol physically and optically. The direct radiative forcing of smoke at the surface was determined empirically and derived using the Moderate Resolution Transmittance radiative transfer model, MODTRAN TM 5 [Berk et al., 2004] . The methodology follows that used previously to evaluate the direct aerosol radiative forcing (DARF) by Asian dust observed at Barrow during spring [Stone et al., 2007] , where DARF was defined as the change in net shortwave (SW) irradiance per unit change in aerosol optical depth at 500 nm, AOD(500). Computations of fluxes at the top of the atmosphere (TOA) and heating rates within intervening layers were also made to evaluate the vertical distribution of radiant energy. A range of hypothetical conditions simulating natural variations in solar geometry and surface albedo were considered. TOA simulations were compared with fluxes retrieved from radiances measured by the Clouds and the Earth's Radiant Energy System (CERES) instruments on board the Aqua and Terra polar orbiting satellites [Loeb et al., 2005] . Measurements, when combined with model results and remotely sensed data permit a comprehensive analysis of the radiative forcing by boreal smoke for the diverse conditions that characterize the Arctic. Following this approach of combining surface and satellite measurements with radiative transfer modeling, Arctic-wide assessments may be possible in the future.
Observations
[7] During late June 2004 plumes of smoke from numerous wildfires burning in eastern Alaska were carried by upper level winds westward over the Bering Sea and then blown eastward over Barrow, Alaska. This serpentine trajectory was a consequence of air circulation around a highpressure center located north of Alaska, which tracked east across the Beaufort Sea, drawing the smoke plume along with it, as shown in Figure 1 which shows the smoke 2 days before it reached Barrow. The analysis was based on a sequence of 850 hPa geopotential fields (not shown) available from the NOAA Climate Diagnostics Center (http:// www.cdc.noaa.gov/Composites/Day/). Transit time from the fire hot spots to Barrow was estimated to be 6 days, on the basis of analyses of back trajectories provided by the NOAA Global Monitoring Division (GMD) and upper level wind fields derived from regional rawinsonde data extracted from the University of Wyoming web site, http://weather. uwyo.edu/upperair/sounding.html. By the time the plume passed over Barrow, the smoke was moderately aged. In subsequent days and weeks smoke from many additional fires was dispersed widely throughout the northern latitudes, observed as far away as Summit, Greenland and Svalbard, Norway. The dispersion of the smoke from its source region was accurately simulated using the Lagrangian particle dispersion model FLEXPART [Stohl et al., 2006, Figure 6 ]. The advection of smoke was also evident in a series of Aqua and Terra satellite images (http://modis-atmos.gsfc.nasa. gov/IMAGES/index.html).
[8] On 2 July, around 2200 UT, smoke began to pass over Barrow, increasing in opacity over several hours. The 1-min irradiance measurements made using the NOAA SP01-A, 4-channel Sun photometer [Stone, 2002] provided a continuous, daytime record of spectral aerosol optical depths AOD(l). Coincident profiles of backscattered light from the DOE micropulse lidar provided a time-height cross section of the smoke plume. Near-surface air was analyzed using the NOAA Barrow Observatory (BRW) aerosol sampling system [Delene and Ogren, 2002] providing coincident time series of aerosol light scattering and absorption. Simultaneous measurements of the surface radiation budget were made at 1-min resolution. Assimilation of these data permitted characterization of the smoke and empirical determinations of its direct radiative forcing.
[9] The time series of AOD(l) derived from the BRW Sun photometer, lidar time-height cross sections, and nearsurface measurements of light scattering s sp (l) from a three-channel nephelometer and absorption derived from a particle soot absorption photometer (PSAP) are shown in Figure 2 . Images from an all-sky camera are provided to show relative opacity of the sky for a range of optical depths, where AOD(500) = 0.03 represents pristine conditions during summer at BRW. AOD(l) and s sp (l) quantify the aerosol loading within the atmospheric column and at the surface, respectively. Initially, smoke was confined within elevated layers, undetected by in situ extinction measurements made at the surface (Figure 2 , bottom) as the plume passed overhead. Smoke was clearly evident in the lidar and AOD time series of 2 -3 July, however, with extremely high values of AOD measured on 3 July. Not until around 0000 UT on 4 July was smoke mixed to the surface. Then, extraordinarily high values of s sp (l) occurred and surface visibility dropped below 2 km (D. Anderson, Barrow National Weather Service, private communication, 2004) . Measurements of aerosol 550 nm absorption coefficient increased by a factor of at least 600 over the typical summer value of 0.05 M m À1 [Schnell et al., 2004] , indicating the presence of black carbon near the surface. Unfortunately, the peak value was missed because the PSAP filter became saturated, invalidating the data until it was replaced at around 0330 UT on 4 July. During this period, the signals of the Sun photometer and lidar were completely attenuated when visible optical depth was estimated to exceed 4.
[10] Values of the Å ngström exponent Å (not shown) were derived from a pair of Sun photometer channels (413 and 675 nm) and also from a pair of nephelometer channels (550 and 700 nm). Å is defined by a power law in which AOD / l ÀÅ . Specifically, Å relates to the negative slope of values of AOD(l) plotted on a log scale as illustrated in Figure 3a . Large values are indicative of small particles.
Here, values of Å are evaluated for wavelength pairs (l 1 , l 2 ) using the relationship:
where l 1 < l 2 , and t(l 1 ) and t(l 2 ) are the AODs at the respective wavelengths.
[11] Å ngström exponents are related inversely to mean particle size [Å ngström, 1929] , assuming the power law is a valid representation of the optical depth. Values of Å are also useful for distinguishing the relative fraction of fine to coarse mode particles in dispersions of aerosol particles [Kaufman et al., 1994; O'Neill et al., 2001] . The method of O'Neill et al. [2001] exploits any curvature in spectral AOD to resolve an optical fraction of the fine mode particles in the aerosol. In our approach, values of Å 1.0 and Å ! 1.5 are considered indicative of large and small particle dominance, respectively. On 2 July, Å (413/675) derived from the AOD measurements ranged from 1.0 to 1.5, whereas Å (550/700) derived from the in situ observations on 4 July, averaged 1.78 ± 0.02. Values were also estimated from AERONET AOD data [Holben et al., 1998 ], derived from the wavelength pair, 440/870 nm. On 2 July 2004 Å (440/870) ranged between 1.65 and 1.75. The various estimates are not directly comparable owing to wavelength differences and possible departure from the power law assumption made in the computations. Also, the volumes sampled differ somewhat in space and time. The independent analyses do, however, indicate the dominance of moderately small particles in the smoke plume. An estimate of the fine mode fraction of aerosols (in the column) derived from the AERONET Sun photometer on 2 July was 0.99. For comparison, the submicron to sub-10-micron fraction of scattering by smoke particles measured near the surface on 4 July was 0.74, 23% higher than the July average ratio of 0.60. While these two estimates of fine mode particles are not directly comparable, they provide further evidence of the dominance of small particles in the smoke plume. This characterization is in contrast to other aerosols that are observed at Barrow. Treffeisen et al. [2007, Figure 7] illustrates their differences in terms of Å ngströ m exponents. Haze and dust aerosols contain significant numbers of coarse mode particles that lead to relatively small values of Å (413/675), typically <1.0.
Analyses

Characterizing Boreal Smoke
[12] Smoke attenuates solar radiation by backscattering and absorbing incoming and reflected sunlight. The distribution of radiant energy within the surface-atmosphere system depends on (1) optical depth, (2) the ratio of scattering to total extinction, expressed as the single scattering albedo w o , and (3) the scattering phase function that is often represented by the asymmetry parameter g. In order to compare simulated and observed fluxes, w o and g are prescribed for each spectral interval of the radiative transfer model over the spectrum of the broadband, shortwave (SW) measurement; at BRW this is 0.30 to 2.8 mm. An optical model of the smoke observed at Barrow was determined by inferring its size distribution through inversion of AOD(l) measurements [King et al., 1978] , and then using Mie theory to derive the required optical properties as input to the radiative transfer code. The Mie algorithm, MIEV [Wiscombe, 1980] , was implemented for this purpose, following the approach of Stone et al. [2007] . At the top are all-sky images that contrast conditions during the event with more typical clear skies. The composite lidar picture was generated from images obtained from the DOE/ ARM North Slope of Alaska site: http://www.arm.gov/sites/ nsa.stm.
[13] On the basis of AERONET observations [Dubovik et al., 2002, Table 1 ], retrievals were made assuming the smoke had a complex refractive index m = 1.50 À i0.01, which falls within the range of measurements made from 250 observations of boreal smoke made throughout the U.S. and Canada. The AERONET averages for the real and imaginary parts of the refractive index were 1.50 ± 0.04, and 0.0094 ± 0.003, respectively. The imaginary (absorptive) part of the refractive index of smoke depends on its concentration of absorbing carbon, which varies with the type of fire and possibly the age of the emissions. Boreal smoke, for instance, contains lower concentrations of absorbing black carbon than smoke from African savanna fires that typically burn at lower temperatures. Estimated values of single scattering albedo of smoke from boreal and savanna fires are 0.940-0.935 and 0.880 -0.840, respectively, in the wavelength range 440 -670 nm [Dubovik et al., 2002, Table 1 ].
[14] The smoke size distribution was inferred on the basis of spectral AOD measurements made on 2 July, when AOD(500) % 1.0 and again for the thick smoke observed on 3 July when AOD(500) > 4.0. Note, however, that this extreme value is only an estimate. The NOAA SP01-A Sun photometer in use at that time had a relatively wide field of view (2.4°), which allows additional forward scattered light to impinge on the sensors when aerosol loading is high. This leads to a low bias in retrieved AOD, especially at shorter wavelengths. Subsequent analyses using these biased data are likewise subject to error. We also caution that size spectra derived using inversion algorithms based solely on spectral AOD can yield ambiguous results. At best, they represent an effective aerosol size distribution through the atmospheric column. Lacking in situ measurements of particle size, however, inversions offer a viable and necessary intermediate step toward developing aerosol optical models that are based on Mie theory. The approach is widely adopted for operational use. If further constrained by sky radiance measurements, such inversions can be used to retrieve not only size information but also to infer complex refractive indices and the single scattering properties of aerosols [e.g., Dubovik et al., 2000] .
[15] Here we employ the scheme of King et al. [1978] to infer size distributions by numerically inverting spectral AOD(l) derived from measurements made using the fourchannel NOAA Sun photometer. Independent analyses by AERONET (not shown) corroborate our results. The effective radius of the smoke on 2 July 2004 was %0.20 mm computed on the basis of volume rather than number concentration.
[16] Our inversions are compared with size distributions inferred for Asian dust, Arctic haze and typical background conditions observed previously at BRW in Figure 3 . Smoke is composed of large numbers of small particles compared with haze or dust, which can have secondary, coarse particle modes. These particular examples are probably not pure, however. The dust plume was described by Stone et al. [2007] as originating in the Gobi desert, but possibly containing anthropogenic aerosols assimilated during transport over industrial regions. The large particle mode associated with haze may be due to the inclusion of sea salt aerosols and/or haze particles that were subject to hygroscopic growth during transport from Eurasia. Also illustrated in Figure 3a is an example of how values of Å are derived by determining the log slope of AOD between 413 and 675 nm following the Å ngström relationship [Å ngström, 1964] .
[17] Values of the single scattering albedo, w o (550) = 0.95, and the asymmetry parameter, g(550) = 0.69, were derived using the Mie code initialized for the 2 July size distribution. Values derived from the NOAA aerosol system were w o (550) = 0.961 ± 0.003 and g(550) = 0.72 ± 0.01 when the smoke mixed to the surface on 4 July. As noted above, the in situ absorption measurements missed the peak and may have underestimated the absorption. Dubovik et al.
[2002, Table 1 ] report values that tend to corroborate our results. On the basis of a large ensemble of AERONET measurements of boreal smoke they give the following values at visible wavelengths: w o (440/670) = 0.94/0.935 ± 0.02, and g(440/670) = 0.69/0.61 ± 0.06. Therefore, the optical model of the smoke derived using our methodology was deemed satisfactory for initializing radiative transfer calculations.
Radiative Impacts of Boreal Smoke
[18] Direct aerosol radiative forcing (DARF) by the smoke was derived empirically from surface radiation measurements in conjunction with measurements of AOD (500), and also derived analytically using MODTRAN TM 5 [Berk et al., 2004] . We quantify DARF as the change in net SW irradiance, NET sw = SW down À SW up , per unit increase in AOD(500), where SW down and SW up are the downwelling and upwelling broadband shortwave surface fluxes, respectively. DARF is alternatively referred to as aerosol radiative forcing efficiency [e.g., Delene and Ogren, 2002] and is often expressed as a diurnal average quantity. Here, we investigate DARF for specific solar zenith angles and different surface types to evaluate the impact of smoke for typical environmental conditions in the Arctic. While these represent instantaneous evaluations they too can be used to estimate diurnal forcing by integrating over the range of solar zenith angles for any given period. Empirical determinations of DARF are subject to error depending on measurement uncertainties. Measurements of SW down and SW up are accurate to within 5 W m À2 [Ohmura et al., 1998 ] and NOAA AOD data are accurate to within ±0.005 [Stone, 2002] , leading to uncertainties in derived DARF in the range, 10-20% [Stone et al., 2007] .
[19] MODTRAN TM 5 was used to simulate downward and upward irradiances (fluxes) at all significant rawinsonde levels, and model levels to an altitude of 100 km, using an eight-stream multiple scattering algorithm based on the Discrete Ordinate Radiative Transfer method (DISORT) [Stamnes et al., 1988] . The model was initialized for temperature and humidity profiles measured prior to (1 July 0000 UT) and during (3 July 0000 UT) the smoke event, and with background concentrations of CO 2 , O 2 , CO, CH 4 , and N 2 O prescribed for a model sub-Arctic summer atmosphere [Anderson et al., 1986] . Total ozone was prescribed on the basis of retrievals from the Total Ozone Mapping Spectrometer (TOMS) (http://jwocky.gsfc.nasa.gov/teacher/ ozone_overhead_v8.html). Various albedo models for tundra, snow, ice and ocean were prescribed to evaluate the sensitivity of DARF to different surfaces that are common in the Arctic. For example, the spectral snow model was adapted from Wiscombe and Warren [1980, Figure 12a ] and ocean albedos were estimated for specific Sun angles and observed wind speeds using the parameterization of Jin et al. [2004] . To compare simulations with observations, the spectrally average broadband albedo of tundra was forced to match values derived from measurements of upwelling and downwelling irradiances at BRW. These varied with solar zenith angle, ranging from about 0.18 at q o = 50°to >0.25 at q o = 80°.
[20] Computations were made for a range of solar zenith angles for which empirical data is available; here for q o = 50, 55, 60, 65, and 80°, and over the range of AOD(500) measured on 2 July (0.2 to 1.2). The smoke was assumed to be distributed homogeneously through a layer %2500 m thick having its base at 250 m, estimated on the basis of the 2 July micropulse lidar observations (Figure 2 ). In the simulation, the aerosol burden was feathered at the layer boundaries to avoid abrupt, nonrealistic inflections in the computed radiation field.
[21] To assess the sensitivity of DARF to uncertainties in model initialization, a set of MODTRAN TM 5 simulations were made to compare with a control run. The results are summarized in Table 1 which lists the primary variables that affect the distribution of fluxes within the atmosphere and thus derived values of DARF. In each case the sense of the change is indicated by sign and is given to the nearest percent. For instance, a +20% error in surface albedo reduces DARF by about 6%. DARF is most sensitive to how the aerosol optical model is specified. Here, we replaced our inferred model with one adapted from Levy et al. [2007] to evaluate how a more absorbing smoke would impact the surface radiation budget. Uncertainties related to the vertical placement of the smoke are minimal, at least when absorption is moderately weak. The choice of sounding is of minor concern; the decrease in DARF in this case results from an increase in humidity. Combined MODTRAN TM 5 spectroscopic and radiative transfer errors can account for about 3% additional uncertainty [Berk et al., 2004; Michalsky et al., 2006] . Assuming these uncertainties are uncorrelated, the root mean square sum of errors is %20%. Thus, providing care is given to developing a valid aerosol optical model, MODTRAN TM 5 can generally be used to estimate DARF with an accuracy of better than 15%.
[22] Simulations of DARF as compared with values derived from measurements are shown in Figure 4a . summarizes the numerical results. Over the range of observations, the agreement between modeled and empirically derived values of DARF is within the combined uncertainty of the measured and simulated results. We have no explanation for the disparity (%23%) between modeled and observed DARF at q o = 50°. We suspect, however, the empirical results are erroneously skewed for AOD(500) > 0.8, possibly because of forward scattered light that enhances the signal and erroneously reduces the derived AOD when the atmosphere is optically thick. The results are consistent in showing that NET sw decreases linearly with AOD and forcing decreases with increasing zenith angle. Negative values of DARF indicate a radiative cooling tendency at the surface. NET sw decreases by more than 100 W m À2 at solar noon in early July for AOD(500) % 1.0. At an AOD(500) = 0.5 smoke would produce a diurnally averaged radiative forcing of about À40 W m À2 .
[23] Having gained confidence that the model replicates the observed behavior of DARF(q o ) at the surface, MOD-TRAN TM 5-derived values of DARF at the top of the atmosphere were then evaluated. Figure 4b presents the results and Table 2 summarizes the numerical results. The presence of smoke over tundra results in a decrease in NET sw as opacity increases. The presence of smoke increases SW up by effectively increasing the planetary albedo. The magnitude of the forcing is less however and tends to be insensitive to solar geometry. Despite a decrease in the directly transmitted irradiance with longer solar path lengths, NET sw decreases with increasing aerosol concentration in a rather uniform manner, ranging from about 39 to 43 W m À2 AOD(500) À1 .
[24] The difference between TOA and surface forcing (Table 2) gives the atmospheric component, where DARF atmos = DARF TOA À DARF surf . Positive values of DARF atmos indicate a net gain in radiant energy or a warming tendency within the atmosphere. Figure 5 shows model results of how solar energy is distributed within the lower atmosphere when a layer of smoke is present. Heating rate profiles are shown over a range of smoke optical depths as indicated to the right of Figure 5 . While the surface tends to cool, heating occurs within the smoke layer itself. For example, at q o = 65°, smoke having AOD(500) = 0.72 would radiatively warm the upper portion of the smoke plume by 1.6 K d À1 relative to an atmosphere having AOD(500) = 0.10. Simultaneously, the surface tends to Figure 4 . Sensitivity of NET shortwave irradiance to increasing aerosol optical depth at 500 nm AOD(500) at (a) the surface and (b) at the top of the atmosphere (TOA). The curves represent linear regressions for respective zenith angles indicated at left and over the range of measurements made. The dashed lines in Figure 4a are the empirical fits made to radiometric observations made during the 2 July 2004 smoke event at Barrow, Alaska. Numerical results are summarized in Table 2 , where the slope of each line quantifies the direct aerosol radiative forcing (DARF) by boreal smoke as defined in the text. cool by about 1.0 K d
À1
. The opposing effects lead to increased stability in the lower atmosphere, which in turn can suppress cloud formation [Shaw and Stamnes, 1980; Feingold et al., 2005] . Surface cooling and layer heating increase with AOD, thus atmospheric stability tends to increase with increasing concentrations of smoke. Feingold et al. [2005] found that in Amazonia smoke present at levels where clouds tend to form reduced cloud fraction, evidence of what is referred to as the ''aerosol semidirect effect.'' The potential for different types of aerosols to suppress cloud formation in the Arctic and the resulting impact of the altered clouds on the radiation budget requires further investigation.
Sensitivity of DARF to Variations in Surface Albedo
[25] During winter, the Arctic could be described as white and black all over. While its surface is bright white in the visible because of nearly complete snow and ice cover, it is nearly black in terms of its thermal, infrared (IR) properties. Both snow and ice have high emissivities (e % 0.99) in the IR as does the open (lead) fraction of the ocean [e.g., Hanafin and Minnett, 2005] . During spring, summer and autumn, however, the surface goes through an evolution every year as snow and ice melt to expose areas of dark ocean and tundra, and then refreeze or become snow covered again. While surface emissivities remain relatively constant, solar reflectivity varies dramatically over time and space. The albedo of fresh snow can exceed 90% [Stone et al., 1996] while that of calm seawater is %0.03-0.04 for high solar elevation angles [Jin et al., 2004] (also see: http:// snowdog.larc.nasa.gov/jin/albedofind.html). Because albedo varies temporally and spatially it is essential to quantify radiative forcing over a wide range of values. Unfortunately, few observations exist over open water, or melting sea ice. Therefore, we rely on simulations to evaluate the sensitivity of DARF to variations in surface albedo.
[26] MODTRAN TM 5 was initialized as for conditions described in the previous section, varying only the surface albedo. The evaluations were made for AOD(500) = 0.72 and q o = 65°, while the modeled broadband albedos were varied to represent snow, melting sea ice, tundra, and ocean having albedos of 0.80, 0.47, 0.20 and 0.066, respectively. Figure 6 shows the results for surface and TOA forcings, and Table 3 summarizes the model results for the surface, TOA and intervening atmosphere, respectively. It is apparent that the direct radiative forcing by smoke is sensitive to small Table 3 , where the slope of each line quantifies the direct aerosol radiative forcing (DARF) by boreal smoke. changes in surface albedo, also noted by Harshvardhan [1993] . At the top of the atmosphere, for a given value of AOD, there is a decrease in net solar irradiance (a tendency to cool) over dark ocean surfaces, while an increase in NET SW (a warming tendency) occurs over bright snow covered areas. The associated effects on the intervening atmosphere are shown in Figure 7 , which shows how radiative heating rate profiles vary with surface albedo. Smoke tends to absorb more solar radiation over bright surfaces because of multiple reflections between the surface and the layer, while surface cooling is enhanced. This monotonic increase in heating within the smoke layer accounts for most of the atmospheric component of forcing indicated in Table 3 .
[27] As demonstrated above, the climate impacts of smoke vary greatly over seasonal time scales depending on the convolution of effects caused by changing solar geometry ( Figure 4 ) and changing surface albedo ( Figure 6 ). Meaningful assessments of the effect of aerosols on the Arctic climate must account for these variations. Similar conclusions were reached by Gadhavi and Jadaraman [2004] who investigated the sensitivity of aerosol radiative forcing over the annual cycle at Maitri, Antarctica (70.77°S, 11.73°E).
Comparative Analysis of Modeled and SatelliteDerived TOA Direct Radiative Forcing
[28] To better assess simulations of TOA fluxes, we evaluated corresponding fluxes derived empirically from data collected by the Clouds and the Earth's Radiant Energy System (CERES) [Wielicki et al., 1996] . CERES is a scanning, broadband radiometer on board the Terra and Aqua polar orbiting satellites. Their nadir field of view (FOV) is about 20 km. Terra's descending and Aqua's ascending orbits cross near Barrow, Alaska, at approximately local solar noon each day. CERES TOA fluxes are obtained from radiance measurements made at broadband SW (0.3-5.0 mm) and longwave LW (5.0-200 mm) wave bands using empirically derived Angular Distribution Models (ADMs) [Loeb et al., 2005] . We use the CERES Single Scanner Footprint (SSF) Edition-2B Revision-1 data (E. B. Geier et al., Single satellite footprint TOA/surface fluxes and clouds (SSF) collection guide document, 2003, available at http:// asd-www.larc.nasa.gov/ceres/collect_guide) with instruments operating in a cross-track scanning mode. Uncertainties in CERES instantaneous TOA shortwave flux measurements vary with underlying surface type. Here, TOA fluxes over sea ice, tundra and ocean are accurate to within 5.9%, 6.1% and 4.0%, respectively, determined on the basis of analyses described by Loeb et al. [2006] . This uncertainty analysis was applied to 11 days of merged CERES Multiangle Imaging Spectroradiometer (MISR) and Moderate Resolution Imaging Spectroradiometer (MODIS) data collected during June and July, 2000 and 2003, using imagery collected between 68°and 75°north latitudes. When scenes include multiple pixels, accuracy improves by a factor of 1/ p N, where N is the number of CERES pixels within the scene.
[29] In addition to CERES measurements, the SSF data set contains cloud and aerosol properties parameterized on the basis of coincident MODIS measurements, convolved over the CERES FOV [Minnis et al., 2003] . Of particular value to this study are retrievals of aerosol optical depth at 550 nm AOD(550) and estimates of broadband surface albedo. Remer et al. [2005] estimated the uncertainties in the MODIS AOD values by comparing eight thousand MODIS retrievals with collocated AERONET AOD measurements. They found the one standard deviation uncertainty to be Dt = ±0.03 ± 0.05t over ocean and Dt = ±0.05 ± 0.15t over land, where for our application, t = AOD(550).
[30] The broadband surface albedo for a given CERES footprint is not measured directly but instead estimated from look-up tables corresponding to predefined International Geosphere/Biosphere Programme (IGBP) scene types [Loveland et al., 1999] identified within the footprint. The respective values are scaled using a Point-Spread Function (PSF) and weighted to give a percent coverage and then summed. In addition, we use broadband surface albedos retrieved directly from high-resolution (1 km) MODIS imagery. The MODIS algorithm relies on 16-day evaluations of cloud-free, atmospherically corrected, directional surface reflectances [Vermote and El Saleous, 2006] collected from both the Aqua and Terra platforms to retrieve a model of the surface anisotropy. In the following analysis, Figure 7 . Modeled heating rate profiles for a homogenous smoke layer placed in the lower atmosphere to simulate that observed on 2 July 2004 at Barrow (Figure 2 ). Each profile relates to a different hypothetical surface having the indicated albedo and assuming that the AOD(500) = 0.72. The analyses were performed for q o = 65°. Figure 8 . In each case, one or 2 to 4 pixels in close proximity were selected. Properties of the multipixel footprints were averaged. Evaluations were made for a clear and smoke-filled atmosphere on 30 June and 2 July, respectively, at times near solar noon (q o % 50°). MODTRAN TM 5 was initialized as described for prior analyses in terms of atmospheric state variables, gas concentrations and the inferred aerosol model and for the CERES-derived values of AOD(550). Recognizing that the CERES and MODIS albedo retrieval algorithms differ, the model was run twice for each case; initialized first for the MODIS-derived surface albedo and then again using the CERES value. Note that the MODIS multiday retrievals of ocean albedo reject scenes that appear anomalous because of pronounced wave action, evidenced by whitecaps, thus represent only dark, calm waters. The CERES ocean albedos, on the other hand, are more typical of temperate waters [e.g., Jin et al., 2004; Gatebe et al., 2005] where there may be higher concentrations of dissolved material and chlorophyll that tend to be brighter than would otherwise be the case for Arctic waters. Compounding the issue, both the tundra and the sea ice are in a state of transition during the melt season that extends into July in the vicinity of Barrow. Tundra lakes may still be partially ice covered, patches of snow may remain on the ground and sea ice is variably covered by melt ponds and broken by leads. We are not able to gage which product, MODIS or CERES, is more appropriate for this analysis. By providing simulations based on each estimate of albedo we hope to bracket what is most likely a valid result.
[32] Results of the comparisons are summarized in Table 4 , which gives relevant information about the time and location of each CERES footprint selected, their average surface albedo as retrieved by MODIS and by CERES, the CERES AOD(550) retrievals, derived TOA albedos (TOA alb ), and TOA SW (TOA swflx ) and NET (TOA NETsw ) fluxes. In each case, the model results appear below the corresponding CERES values, where the second and third lines relate to simulations made using MODIS-and CERES-derived albedos, respectively. The results of the TOA SW fluxes are compared graphically in Figure 9 . Figure 9 reveals large differences in TOA swflx as a function of surface type. Values of TOA swflx systematically increase with increasing surface brightness under clear skies. There are subtle but important differences if smoke is present in the lower atmosphere (right side of Figure 9 ). Smoke over tundra and ocean increase TOA swflx differentially with greater sensitivity indicated over the dark, poorly reflecting ocean. Smoke over sea ice diminishes TOA swflx slightly, indicating an overall decrease in the planetary albedo. Table 4. [33] Overall, the MODTRAN TM 5 simulations compare favorably with the CERES retrievals. The narrow bars represent estimates of expected uncertainties in the various analyses. As with the surface analyses (Table 1) , the accuracy of TOA evaluations depend on the degree of uncertainty assigned to input parameters. The critical ones for this application are the surface albedo and the aerosol optical depth. As mentioned above, there are significant differences in the CERES-and MODIS-derived values of ALB sfc listed in Table 4 , which lead to corresponding differences in the simulations of TOA swflx . With the exception of the ocean case on 2 July, results from simulations initialized with the MODIS albedos compare best with the CERES results. CERES albedos tend to have high biases relative to MODIS albedos that in turn lead to higher values of TOA swflx . These biases may be due, in part, to the relationship of the large CERES footprints compared with the underlying distribution of the finer-scale MODIS observations, and assumptions made about the uniformity of the larger footprints used in the CERES retrieval algorithm.
[34] Possible errors in CERES-derived values of AOD(550) also lead to uncertain model results. These are indicated in Figure 9 as open bars for the respective simulations. Remer et al. [2005] give no uncertainty estimates of optical depths retrieved over sea ice and there are no retrievals of AOD (550) provided by CERES. To initialize the model for the sea ice simulations we interpolated the values of AOD(550) from the nearby ocean and tundra locations on the successive days. We assign relatively large uncertainties in the model simulations involving sea ice because of potential errors in assumed values of AOD(550). Unfortunately, we do not have very accurate spaceborne measurements of surface albedo or aerosol optical depth to initialize the radiative transfer calculations, which combined lead to large overall range in the respective model results. Table 4 . Results ''M5 MODIS'' and ''M5 CERES'' indicate initialization of the model using MODIS-and CERESderived surface albedos, respectively. Small shaded bars represent the uncertainty in the CERES-derived fluxes, and the small open bars give estimates of the errors in model computations due to uncertainties in the CERES-derived AOD(550) measurements given in Table 4 . Table 5 .
The overall model uncertainties are represented by the extent, from the lowest level to the highest level, of open error bars indicated in Figure 9 for the combined M5 MODIS and M5 CERES TOA SW fluxes. These range from ±10 -13% for sea ice, ±7 -12% for tundra, to ±8-25% for ocean simulations, respectively. Uncertainties tend to be largest for the clear-sky cases and worst over the clear-sky ocean. The CERES TOA empirical results all fall within the uncertainty range of the model results, however. If only M5 MODIS results are considered, the comparisons are better overall, although the ocean albedos would still need to be closer to the CERES values.
[35] Finally, evaluations of the change in NET sw at the top of the atmosphere (TOA NETsw ) to increases in AOD(550) from 30 June to 2 July were made to estimate the direct aerosol radiative forcing by the smoke, as observed by CERES and simulated by MODTRAN TM 5. The results are summarized in Table 5 and presented graphically in Figure 10 . As before, DARF = DNET sw /DAOD(550). These are computed for each scene from the respective CERES and MODTRAN TM 5 results given in Table 4 . The derived values of DARF are listed in Table 5 corresponding with average solar zenith angles and surface albedos for respective analyses. We see that radiative forcing at TOA varies markedly with surface type and transitions from negative to positive values when moving from dark ocean to bright sea ice. This is quantified by performing a linear regression on each of the results, shown in Figure 10 . The results are nominally for a zenith angle of 50°, high Sun during early July in that region. The regression denoted by TOA MOD5-M was extended out to an albedo of 0.8 to verify the linearity of the fit. The slopes of all three regressions are nearly equal, suggesting a robust and large sensitivity of DARF at TOA to increasing surface albedo. From the same set of MOD5-M runs, the sensitivity of DARF at the surface to changing albedo was evaluated, plotted as a dashed line in Figure 10 .
[36] The empirical analysis of the CERES observations, in conjunction with the MODTRAN TM 5 simulations at the TOA, corroborate the prior hypothetical analysis for the TOA (Table 3 and Figure 6 ). We find that the direct radiative forcing by smoke becomes significantly positive at the top of the atmosphere for surfaces having albedos greater than about 0.40. While over dark surfaces the smoke increases the planetary albedo, over brighter surfaces the absorption by smoke reduces the outgoing shortwave radiation, resulting in an increase of TOA NETsw . At the surface, the sensitivity of DARF to increasing albedo is not as great as at TOA and remains negative over all surface types. The differential radiative forcing at TOA and at the surface lead to differences within the atmosphere as well. This results in slightly greater positive forcing within the aerosol (smoke) layer over bright ice or snow compared with that over dark ocean, which results in a tendency to enhance in-layer heating and surface cooling, as was evidenced in Figure 7 . Such dramatic differences in the way the surface-atmosphere system is perturbed radiometrically by boreal smoke undoubtedly lead to other diabatic changes that affect weather and climate, which have yet to be explored.
Discussion
[37] The presence of boreal smoke in the Arctic atmosphere clearly perturbs the surface-atmosphere radiation budget. Negative values of DARF (Table 2 and Figure 4) indicate a significant cooling effect at the surface and TOA that varies with solar zenith angle. Even for a very modest loading, say AOD(500) % 0.10, a passing smoke plume would cool the Arctic tundra by 7 -8 W m À2 during a Table 4 and Table 5 ). The color-coded dots are the TOA CERES-derived and MODTRAN TM 5-derived values of DARF, where MOD5-M and MOD5-C indicate initialization of the model using the MODIS-and CERES-derived surface albedos (Table 4) , respectively. The square symbols and dashed line represent the corresponding regression of MODTRAN TM 5-derived DARF at the surface for q o = 50°. Over bright surfaces, direct radiative forcing by boreal smoke is positive at the TOA, indicating an increase in NET sw in response to a reduction in the planetary albedo caused by absorption within the smoke layer. typical summer day, and cool the adjacent ocean by >10 W m À2 . Simultaneously, radiative heating occurs within the smoke layer itself ( Figure 5 ). This semidirect effect of aerosols increases atmospheric stability, and may suppress cloud formation [Feingold et al., 2005] . Should this effect occur with some frequency, over broad spatial scales, the Arctic climate could be modulated in important ways, involving competition between cloud longwave and shortwave radiative effects. To our knowledge, the semidirect effect of aerosols has not been documented for the Arctic and requires further investigation.
[38] We emphasize that the results presented in this study represent instantaneous evaluations of the forcing characteristics of boreal smoke at high latitudes. In reality, the climate impacts of aerosols in the Arctic are difficult to determine owing to variations in the annual solar cycle and associated differences in the surface albedo, which varies temporally and spatially [e.g., Braslau and Dave, 1975] . Although solar forcing decreases with increasing zenith angle (Figure 4) , to zero during dark periods, thermal effects are continuous and can be very pronounced if involving clouds during the snow covered portion of the year [Stone, 1997] . We have not addressed thermal effects related to infrared radiation, nor sensible and latent heat exchanges, or diabatic processes that may affect atmospheric dynamics in this study; nor have we investigated the indirect effects that smoke may have on cloud microphysics. These add to the complexity of assessing the impact of aerosols on climate. In a similar analysis of forcing by Asian dust, however, Stone et al. [2007] found that solar effects dominate over thermal effects during spring at Barrow. More germane to this study, Robock [1991] found no evidence of nighttime effects from forest fire smoke over northern latitudes, suggesting negligible thermal impacts of boreal smoke. Certainly, this holds true during the summer months in the Arctic, when the Sun is above the horizon 24 hours per day. Should smoke be present during extended periods of darkness, and contain high concentrations of absorbing material (having low single scattering albedo), thermal effects may then be significant.
[39] During the summer of 2004, when fires burned for weeks in Alaska and western Canada and smoke was dispersed widely , the direct radiative impact on the Arctic radiation budget may have been significant, although we are unaware of any Arctic-wide evaluation pertaining to this anomaly. Climatologically, the potential impact of smoke emissions from boreal fires is considerable if the 2004 fire season is placed in context of more extreme years, e.g., 1998 and 2003 [Kasischke and Bruhwiler, 2002; Schiermeier, 2005] . Even greater concern is raised when considering that more frequent, intense fires of longer duration may occur in the future [IPCC, 2007] . Of particular concern is the likelihood that the annual fire season in the vast Siberian region will become more severe as global temperatures rise. Iziomon et al. [2006] found that 40% of pollution episodes during summer at Barrow emanated from fires burning in central and eastern Russia, compared with only 6% from northern Canada and Alaska. Their estimate of summertime, direct radiative forcing by aerosols at the surface range from À3.2 to À29 W m À2 during these episodes, depending on smoke opacity. This represents a significant negative feedback to greenhouse warming.
[40] Smoke can also be injected into the stratosphere through pyroconvection, resulting potentially in long-lived perturbations to the chemical and physical properties of the upper atmosphere [e.g., Fromm et al., 2005] . In fact, pyroconvection occurred in the days prior to the smoke event that impacted Barrow in early July 2004. Damoah et al. [2006] document a pyroconvective event that occurred in the Yukon that injected smoke into the stratosphere, which was subsequently dispersed southeastward and observed by the University of Wisconsin High Spectral Resolution Lidar system [Eloranta, 2005] . A more dramatic event is described by Fromm et al. [2008] , in which a pyrocumulonimbus cloud near Chisholm, Canada in May 2001 injected a sufficient quantity of smoke to high altitudes to double the stratospheric AOD poleward of 50°N latitude. Anomalously high stratospheric opacity was observed subsequently from Mauna Loa, Hawaii (19°N) to Ny-Å lesund, Norway (79°N). The climate impact of such events is not known because no detailed analyses have been conducted to quantify their radiative effects. There may be reason for concern, however, because the frequency of intense thunderstorms that initiate these pyroconvective events is expected to increase over land areas as the climate warms [Del Genio et al., 2007] . Simulations suggest that updraft velocity may increase in the lightning-producing regions, which include the vast boreal forests.
[41] An extreme scenario of pyroconvection relates to the threat of nuclear war [Robock et al., 2007] . Should the worse case scenario play out, the injection of smoke and dust to high levels of the atmosphere would be long lasting and profound according to model studies. The northern high latitudes would be most affected because of extreme enhancements of stratospheric AOD that would reduce the transmission of solar radiation to the surface. Temperatures over northern land areas would drop by more than 25 C in the year immediately following such a conflagration. Even after several years, the perturbation would be significant. While ''nuclear winter'' is an unlikely, extreme scenario, the effects of episodic pyroconvection from natural fire storms may influence climate, especially if their frequency increases in the future. Fromm [2005] , for example, presents evidence that increasing the opacity of the upper atmosphere results in temperature anomalies characterized by lower stratospheric warming and tropospheric cooling, which alters the height of the tropopause.
[42] Quantifying the impact of smoke aerosols on climate is further complicated by their interactions with cloud particles. Smoke particles may be effective cloud condensation nuclei (CCN) [Novakov and Corrigan, 1996] . Their presence at cloud forming altitudes can increase droplet number concentration and diminish droplet size [Kaufman and Fraser, 1997; Twomey, 1977] , an effect that increases cloud albedo [Feingold et al., 2003] . Changes in cloud microphysics also modify the thermal properties of clouds by modifying their emissivity [e.g., Garrett and Zhao, 2006] . Arctic clouds tend to warm the surface most of the year when covered by snow or ice [Stone, 1997] , but have a cooling tendency during summer when surface albedo is low [Shupe and Intrieri, 2004] . Projections of future climate indicate a continuing decline in the extent of Arctic sea ice [e.g., Serreze et al., 2007] . Particularly during summer, the dark sea surface would be subject to greater direct radiative cooling by aerosols and clouds alike. Greater moisture flux from an ice free ocean may enhance low-level cloudiness. How changing cloud distributions will interact with aerosols is not well understood. Indirect and semidirect radiative effects of aerosols on Arctic cloud properties (not addressed here) might well exceed direct effects, producing either negative or positive feedbacks depending on solar geometry, latitude, time of year, surface albedo, and the height of cloud formation relative to existing aerosol layers.
[43] For smoke plumes that advect over snow or ice covered regions and deposit black carbon, surface albedo will be reduced [e.g., Stohl et al., 2006] , which in turn can impact climate through perturbations in the radiation budget [Flanner et al., 2007] . The fires themselves modify surface albedo of areas burned that take decades to recover. All components of the surface energy budget of areas burned are modified over the annual cycle, with marked decreases in net radiation, sensible heat flux and evapotranspiration [Liu et al., 2005] . Thus, there are a myriad of environmental impacts caused by boreal wildfires, some of which result in opposing radiative effects that involve the entire surfaceatmosphere system. Direct, semidirect and indirect aerosol effects all play critical roles and each varies temporally and spatially in the Arctic. Here, we have addressed only direct radiative effects.
Summary and Conclusions
[44] The extreme fire season of 2004 in Alaska and western Canada emitted huge quantities of smoke from boreal forests into the atmosphere over several weeks, which was subsequently dispersed throughout the Northern Hemisphere. The wildfires in Alaska burned 2.7 million ha (a record for the state) and another 3.1 million ha burned in western Canada . While these are impressive figures, they are dwarfed by the scale of wildfires that occurred in the boreal zone during the summers of 1998 [Kasischke and Bruhwiler, 2002] and 2003 [Schiermeier, 2005] , that burned 18 and 22 million ha, respectively. Other studies have documented the injection of smoke into the stratosphere by pyroconvection, a potentially long lived aerosol perturbation having climate impacts. Scenarios of future climate change, in a warming world, suggest the frequency, intensity and duration of wildfires will increase. Quantifying the radiative impact of boreal smoke at high latitudes is important. Here we have utilized a comprehensive data set, assimilated from measurements made in early July 2004 near Barrow, Alaska, to characterize boreal smoke and quantify its direct radiative forcing of the surface-atmosphere radiation budget. Coincident data, derived from the CERES instruments on board the Aqua and Terra polar orbiters, were analyzed to evaluate radiative forcing by smoke at the top of the atmosphere.
[45] A sequence of Terra and Aqua satellite images showed plumes of smoke as they were transported from the source region, propelled by winds circulating around a high-pressure center north of Barrow (Figure 1) . Some of this smoke passed over Barrow beginning on 2 July, as evidenced in lidar backscatter time-height cross sections and correlated time series of spectral AOD (Figure 2) . On 3 July, AOD(500) exceeded any previous values recorded at BRW since 2000 (>4.0). By 4 July, the smoke mixed to the surface, where unprecedented high values of light scattering and absorption coefficients were measured. Fortuitously, we were able to select data over a range of solar angles to evaluate empirically the change in net shortwave irradiance (NET sw ) at the surface as AOD increased, a quantity we define as the direct aerosol radiative forcing (DARF). The empirical results were used to corroborate simulations made using the radiative transfer model, MODTRAN TM 5. The model was initialized on the basis of measured atmospheric state variables, assuming sub-Arctic summer concentrations of gases, and an aerosol model for smoke inferred from the columnar AOD measurements and in situ extinction parameters (Figure 3) . Additionally, measured or derived estimates of surface albedos and AOD were prescribed to initialize the radiative transfer calculations.
[46] The magnitudes and functionality of DARF over a range of zenith angles was sufficiently replicated by the model to show closure (Table 2 and Figure 4 ). NET sw decreases linearly with AOD, indicating cooling at the surface and DARF decreases with increasing zenith angle. The model was then used to evaluate conditions that have not been monitored directly because of the difficulty of making measurements over sea ice or open ocean. Hypothetical surfaces representing sea ice and seawater were assumed and additional simulations performed to assess the sensitivity of DARF to surfaces varying with albedo, both at the surface and TOA (Table 3 and Figure 6 ). Further MODTRAN TM 5 computations were performed using MODIS-and CERESderived estimates of surface albedo and AOD for selected scenes (Figure 8 ) and compared with CERES TOA flux retrievals (Table 4 and Figure 9 ). The difference of TOA minus surface DARF yields the intervening atmospheric radiative forcing, the distribution of which was examined by analyzing sets of heating rate profiles derived from the model results. These reveal sensitivities of the vertical distribution of broadband solar energy to increasing atmospheric opacity due to smoke and to changes in surface albedo. There is a cooling tendency at the surface that is enhanced while warming occurs within the smoke layer as AOD increases ( Figure 5 ). For a given Sun angle and smoke aerosol optical depth, layer heating and surface cooling are enhanced as surface albedo increases (Figure 7 ). Both situations tend to increase the stability of the lower atmosphere, which in turn may suppress cloud formation. At the top of the atmosphere, DARF by smoke aerosol undergoes a dramatic transition from negative to positive values as the underlying surface becomes brighter (Table 5 and Figure 10) .
[47] The sensitivity of DARF, both at the surface and TOA, to variations in solar geometry and surface albedo pose difficulties in quantifying the impact of boreal smoke on the Arctic climate. MODTRAN TM 5 simulations compared favorably with empirical determinations of DARF at the surface when measured albedos were used to initialize the model (Table 2 and Figure 4 ). This was not the case, however, for the TOA comparisons when we relied on CERES-and MODIS-derived values of albedo to initialize the model. Both tundra and sea ice are heterogeneous over the 20+ km scale of the satellites' pixels, making accurate determinations of their spectral albedos difficult. Even retrievals of ocean albedos reveal large relative differences between methods used. Time averaging, in the case of the MODIS retrievals, may also result in differences from actual values. The differences between the retrievals and between them and true values account for much of the uncertainty in the model results listed in Table 4 and shown in Figure 9 . Despite the differences in determinations of DARF at TOA owing to uncertainties in the parameters used as input to MODTRAN TM 5, the functional relationship of DARF versus surface albedo appears very robust. Differences in the slopes of the respective regressions shown in Figure 10 are very small. For any given surface albedo, CERES-and model-derived values of DARF are all within ±5 W m À2 of the ensemble mean.
[48] The analysis illustrated in Figure 10 may provide a basis for parameterizing DARF for boreal smoke aerosol in the Arctic. This would require that a family of such curves be generated over the relevant range of zenith angles. The coefficients of each regression would be compiled into a look-up table. Then, for any given zenith angle, surface albedo and AOD(550), the instantaneous direct radiative forcing could be computed and then integrated to make assessments over time and space. The success of this approach depends on how accurately surface albedo and AOD can be measured from space, the validity of the aerosol model employed and the representativeness of the atmospheric state variables used to initialize the model with respective sensitivities indicated in Table 1 . The scheme could also be applied to other aerosol types that are known to influence the Arctic climate. Crude assessments are possible now on the basis of results presented in this paper. For instance, during summer 2004, smoke from the Alaskan wildfires was transported as far as Summit, Greenland and Svalbard . During mid-July, AOD(500) averaged about 0.25 in the vicinity of Summit and perhaps 0.15 over Svalbard for a period of about two weeks [Stohl et al., 2006, Figures 10 and 15 ]. An estimate of the regional radiative forcing by the smoke can be made using results from Table 3 (Figure 6 ), assuming the diurnally averaged zenith angle during that time was %65°(it was actually %68°). Direct SW forcing for a given AOD(500) is simply estimated by DARF * AOD(500). Over Summit, where the surface albedo > 0.80, the forcing was approximately À5 W m À2 at the surface and +15 W m À2 at TOA. Over the adjacent Greenland Sea, assuming the surface albedo was <0.066 and AOD(500) = 0.25, the respective diurnally averaged surface and TOA forcings were about À25 W m À2 and À10 W m À2 . Similar analyses by Lund Myhre et al. [2007, Figure 9] corroborate the dramatic differences between TOA radiative forcing over ocean and adjacent land covered with snow. Having valid retrievals of surface albedo and AOD are key to improving such estimates in the future.
[49] When considering the semidirect effect and indirect effects smoke may have on cloud microphysical processes, the problem appears to be intractable; thus the high uncertainty still assigned to aerosol radiative forcing in future climate assessments [IPCC, 2007] . Careful analyses of comprehensive data sets, using the methodology outlined in this paper provides a viable means to quantify the direct radiative forcing by aerosols, a first and important step toward improving the parameterization of such processes in global climate models.
